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Abstract 
Atomic force microscopy was used to image the topography of poly (N-isopropyl acrylamide) 
brushes end-grafted from initiator-terminated alkane monolayers on gold or on silicon wafers. 
Measurements were done in air and in water, below and above the lower critical solution 
temperature of 32°C. At low grafting densities and molecular weights, area-averaged 
ellipsometry, surface force, and neutron reflectivity measurements did not detect volume changes 
in the wet polymer brushes above 32°C. However, atomic force microscopy images of the same 
films reveal surface features that suggest the formation of lateral aggregates or “octopus 
micelles”. At high grafting densities, the polymer films collapse uniformly. This temperature-
dependent swelling and collapse was compared with ellipsometry data and with protein 
adsorption behavior.    
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Introduction 
Poly (N-isopropyl acrylamide) (PNIPAM) is one of a class of water-soluble polymers that 
exhibits a lower critical solution temperature (LCST).  The LCST of PNIPAM is at 32°C 
1
, such 
that polymer is soluble in aqueous media below the LCST, but above 32°C, water is a poor 
solvent. A consequence of this solubility transition is the decrease in the PNIPAM volume 
PNIPAM chains above 32°C.  The proximity of the LCST to physiological temperature opens 
up a broad range of uses for PNIPAM in drug delivery 
2-4
, biosensors ,
5-9
 and tissue engineering 
3, 
10-13
. The solubility transition is exploited, in order to thermally switch the interfacial properties 
of PNIPAM coatings and their consequent interactions with cells and biomolecules 
14-17
.  
 PNIPAM coatings are widely used to control protein and cell adhesion to surfaces 
14, 18, 19
. 
However, a challenge is to identify design rules that insure efficient, temperature-dependent, 
reversible bioabsorption 
20-26
.  It was generally thought chain collapse and decrease in the 
PNIPAM wettability were required to efficiently switch the absorptivity of PNIPAM coatings
14,27
. 
However, end-grafted chains that did not exhibit a volume change above the LCST adsorbed 
more protein than dense PNIPAM brushes that exhibited substantial chain collapse 
28-30
.  
 Reports that dilute and/or low molecular weight, end-grafted PNIPAM does not collapse 
in poor solvent at 35°C 
31-33
 was somewhat surprising in view of light scattering data 
34,35 
and 
theories describing brushes in poor solvent 
36-38
. In force measurements, the extension and 
compressibility of the PNIPAM brushes did not change significantly at 35°C 
33
.  By contrast, 
dense, high molecular weight brushes collapsed at elevated temperature 
32,39
.  More recent 
ellipsometry data supported the force measurements and reflectivity results 
29
.  The findings 
were intriguing, in light of the report that more protein adsorbed to dilute brushes above the 
LCST than to dense, collapsed PNIPAM brushes.  Moreover, protein adsorption on more dilute 
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chains correlated with the most efficient, temperature-triggered capture and release of cells, 
which adhere to the adsorbed proteins 
30
.  The latter findings suggested a possible protein 
adsorption mechanism underlying efficient cell adhesion and release, and, most importantly, the 
polymer design criteria governing this behavior. 
 A theoretical model of protein and nanoparticle interactions with polymer brushes 
appeared to explain the temperature-dependent protein adsorption behavior 
25
. The model 
assumes laterally uniform polymer architecture, but this may not be the case for low density 
PNIPAM chains in poor solvent. Recent theoretical 
40
 and experimental studies 
41, 42
 showed that, 
under some conditions, polymer brushes do not collapse uniformly in poor solvent, but instead 
coalesce to form in-plane, micelle-like structures termed “octopus micelles” 43. Octopus micelles 
were predicted by theory, and demonstrated experimentally 
40
.   
 The present study focused on the structure of end-grafted PNIPAM coatings as a 
function of grafting parameters and of temperature. Specifically, we identified changes in the 
brush topography that was not evident from area-averaged thickness measurements.  The 
findings provide further insight into protein adsorption mechanisms, as a function of PNIPAM 
brush parameters, and identified relationships between the polymer architecture and thermally-
controlled bioabsorption. 
 
Materials and Methods 
1. Chemicals 
The chemicals 11-mercapto-1-undecanol, 2-bromo-2-methylpropionyl bromide, ω-undecenyl 
alcohol and trichlorosilane were purchased from Aldrich. 2-[methoxy(polyethyleneoxy)propyl]-
trichlorosilane (OEG) was from Gelest, Inc. N-Isopropylacrylamide (NIPAM) and 1,1,4,7,7-
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penta-methyldiethylenetriamine (PMDETA) were purchased from Acros. CuBr, methanol, and 
anhydrous toluene were from Aldrich. NIPAM monomer was recrystallized from hexane. All 
inorganic salts and organic solvents were purchased from Fisher Scientific. All aqueous solutions 
were prepared with ultrapure water with a resistivity of 18.2 MΩ∙cm. 
 
2. Synthesis of surface initiator 
Synthesis of (S(CH2)11OH)2 (SAM-OH) 
44
 
11-mercapto-1-undecanol (1g, 4.9mmol) was dissolved in dichloromethane (40ml, 0.12M 
concentration). A 10 w/w % potassium carbonate solution (6ml) was added to the 
dichloromethane solution and stirred well. Bromine (0.4g, 5mmol) was added drop wise to the 
solution, and the reaction proceeded for 20 minutes at room temperature. After that, the organic 
phase was extracted twice (15mlⅹ2) from the aqueous phase with dichloromethane, using a 
separation funnel. The organic phase was collected and dried with MgSO4. The solid MgSO4 was 
removed by filtering the slurry through standard grade Whatman filter paper with 11μm pores. 
All solvent was removed by rotary evaporation, and white powder was left. From this crude 
product, the SAM-OH was recrystallized from an ethanol/hexane solution (1:3 v/v). 
 
Synthesis of (S(CH2)11OCOC(CH3)2Br)2 (SAM-Br) 
44
 
SAM-OH (0.55g, 1.35mmol) was dissolved in dichloromethane (31.4ml, 0.5M) and 
triethylamine (1.9ml). Then 2-bromo-2-methylpropionyl bromide (0.78g, 0.42ml, 3.3mmol) was 
added drop wise at 0°C. The reaction mixture was stirred for an hour at 0°C, and then for 2 hours 
at room temperature. Afterwards, the mixture was extracted with 2M aqueous Na2CO3 saturated 
with NH4Cl. The organic phase was collected and dried over MgSO4, which was removed by 
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filtration. Solvent was removed by rotary evaporation. The product was a slightly brown oil, 
which was purified by silica gel chromatography (13:1 Hexane:Ethyl Acetate, v:v) and 
characterized by 
1
H-NMR and by mass spectrometry. 
 
Synthesis of Cl3Si(CH2)11OCOC(CH3)2Br (Silane-Br) 
45
  
ω-undecenyl alcohol (4.257g, 5ml, 0.025mol) and pyridine (2.1ml, 0.026mol) were dissolved in 
25ml of anhydrous tetrahydrofuran. Then 2-bromo-2-methylpropionyl bromide (5.76g, 3.1ml, 
0.024mol) was added drop wise to the solution, and stirred overnight at room temperature in air. 
The product was purified by silica gel chromatography (13:1 Hexane:Ethyl Acetate, v:v). 
Trichlorosilane (5.6g, 4.2ml, 0.04mol) and Karstedt catalyst (4μL) were added to the product 
(1.35g, 0.004mol), and the mixture was stirred for 5 hours at room temperature, in a nitrogen 
environment. After that, solvent was removed and the residual liquid product was stored at 4°C.  
The product was characterized by 
1
H-NMR.  
 
3. Surface-initiated polymerization  
Initiator terminated alkanethiols on gold 
Microscope slides were cleaned for 30 min in a 4M aqueous NaOH solution, at room 
temperature. The slides were washed with ultrapure water, dried under a stream of nitrogen, and 
then placed in a thermal evaporator. A 2nm-thick chromium adhesion layer, followed by 50nm of 
gold were then thermally evaporated onto the slides, at a pressure of 1~2ⅹ10-6 Torr. The SAM-
Br (3.5mg, 0.005 mmol) was dissolved in 10ml of dry ethanol (dehydrated with 3Å molecular 
sieves) to give a final concentration of 0.5mM. The SAM-OH (2mg, 0.005mmol) was also 
dissolved in 10ml of dry ethanol, to give a final concentration of 0.5mM. SAM-Br and SAM-OH 
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solutions were mixed at different ratios, in order to vary the Sam-Br fraction, while maintaining 
the overall thiol concentration at 0.5mM. Prior to immersion in the thiol solutions, the gold films 
were irradiated (Spectroline, λ=365nm) for 15 minutes. The slides were then incubated in the 
thiol solutions for 2 days, and maintained at 4°C under nitrogen. The low temperature aided the 
surface organization of disulfides with bulky terminal initiator groups. 
 
Initiator-terminated silanes on silicon wafers 
A silicon wafer was cleaned in Piranha solution (3:1(v/v) H2SO4/H2O2) for 1h at 60°C. 
[CAUTION: PIRANHA SOLUTION IS HIGHLY OXIDIZING AND SHOULD BE HANDLED 
WITH EXTREME CARE]. The wafer was then washed thoroughly with ultrapure water, and 
thoroughly dried under a stream of nitrogen. Silane-Br (18mg, 18.16μL, 0.04mmol) was 
dissolved in 20ml of anhydrous toluene. Silane-OEG (21.25μL, 0.04mmol) was also dissolved in 
20ml anhydrous toluene (2mM final concentration). These silane solutions were mixed in 
different proportions, in order to vary the initiator content, while maintaining the overall silane 
concentration. Prior to assembling the films, reaction vessels containing the wafers were 
degassed, and the silane solutions were transferred to the reaction vessels. The wafers were 
immersed in the solutions at room temperature overnight, under a nitrogen environment. 
 
Surface-initiated polymerization of PNIPAM  
PNIPAM was synthesized from initiator-containing substrates by surface-initiated atom transfer 
radical polymerization (ATRP). To prepare a 2M NIPAM solution, NIPAM (7.91g, 0.07 mol) was 
dissolved in 35ml of a 7:3 methanol:water mixture. The reaction vessel with the uniform initiator 
substrate was degassed by three cycles of vacuum and nitrogen filling. CuBr (101.5mg, 0.7mmol) 
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and PMDETA (377mg, 455.86μL, 2.1 mmol) were dissolved in the degassed NIPAM solution, 
which was transferred to the reaction vessel at room temperature under a nitrogen environment. 
To control the PNIPAM molecular weight, the NIPAM concentration was varied from 0.5M to 
2M, while maintaining the same ratio of monomer to catalyst. Alternatively, the reaction time 
was varied from 3 minutes to 2 hours. After the polymerization reaction, the slides were removed 
from the chambers, sonicated in methanol, ethanol, and water, and then finally dried with filtered 
nitrogen. 
 
4. Surface characterization 
X-ray photoelectron Spectroscopy (XPS) 
XPS (Kratos Axis ULTRA, Al-Kα rays at 1486.6eV) was used to analyze surface composition of 
each self-assembled monolayer. The samples were irradiated under vacuum (10
-9
 Torr), at an 
incident angle of 90°. Three spots on each monolayer were analyzed, and the triplicate 
measurements were averaged. Because the initiator contains Br and both thiol components 
contain sulfur, the ratio of Br3p to S2p peaks was used to determine the initiator density in the 
monolayer. Although Br3d is the main bromine peak, the Br3p peak was chosen due to overlap 
of the Br3d and Au4f peaks. The attenuation correction used to account for the buried sulfur is 
                                      
𝐷
𝜆
= − ln
𝐼𝑎𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑒𝑑
𝐼0
                                      (1) 
Here D is the thickness of the monolayer, λ is the mean free path of the S2p electron, I0 and 
Iattenuated are the electron intensities before and after attenuation, respectively 
46,47
. 
 
Ellipsometry 
The dry and water-swollen thicknesses of both the self-assembled monolayers and the polymer 
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films were measured by ellipsometry (Gartner, L116C, λ = 632.8nm, incident angle = 70°, 
polarizer 45°). For samples on gold, the refractive index of the gold was measured immediately 
after the deposition of the gold film, and the determined value was used to calculate the 
thicknesses of the organic overlayers. For samples on silicon wafers, the real and complex values 
of the refractive index of silicon were n = 3.85 and k = –0.02 48. The superficial 2nm oxide layer 
has a refractive index of 1.465 
49
. When measuring the dry thicknesses, the films were treated as 
a single layer with a refractive index of 1.46, for both the alkane and polymer. When measuring 
the wet thicknesses, a single layer model was also used. However the thickness and refractive 
index of PNIPAM were fit simultaneously, because chain swelling in water affects both. We 
determined the wet thickness of PNIPAM at 25°C and 37°C. Samples were heated in a liquid cell 
at ~2°C/min rate, and then equilibrated at 37°C 5 min prior to the measurements.   
 
Tapping mode AFM imaging 
Atomic force microscopy (AFM) (Asylum, MFP-3D) was used to image the topography of the 
polymer films. Tapping mode images were analyzed and “level 1” flattened, using Igor Pro 
software. To image the dry polymer films in air at room temperature, a Si3N4 AFM tip (Budget 
Sensors, Tap300AI-G, in air) was used in tapping mode, at a driving frequency of ~300kHz. To 
image the films in water at room temperature, a Si3N4 AFM tip (Bruker, DNP-S10, in water) was 
used in tapping mode at a driving frequency ~15kHz. 
The AFM tips were cleaned in a plasma reactor for 3min before each measurement. In 
order to obtain images at room temperature, a droplet of water was placed on the surface and 
equilibrated with the polymer. The polymer film under the water droplet was then imaged. To 
investigate the PNIPAM surface topography in water at 35°C, we heated the polymer films to 
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35°C with a Bioheator
TM
 (Asylum), at a heating rate of 6°C/min. The samples were equilibrated 
at 35°C for 5min before imaging. The resolution was 256×256 pixels and the scan rate was 1Hz 
for all images. 
 
Result and Discussion 
End-grafted PNIPAM film assembly  
Figure 1a shows the 
1
H-NMR (U400, 400MHz, CDCl3) spectrum of the disulfide initiator with 
the following peaks: δ 1.27-1.4 (bs, 28H), 1.67 (m, 8H), 1.92(s, 12H), 2.67(t, J=7.2, 4H), 4.16(t, 
J=6.4, 4H). Detailed peak assignments are also shown. The chemical shifts, line splitting and 
integration of NMR peaks confirmed that the synthesized compound was the initiator-terminated 
disulfide. The chemical shifts, absence of spurious peaks, and ratios of the integrated peaks 
confirmed the purity. The mass spectrum contained a peak at 704 g/mol, which corresponds to 
the molecular ion of the disulfide (Fig. 1b). The synthesized silane initiator was also analyzed by 
NMR (not shown). The spectrum was similar to that in Figure 1a, except that there was no peak 
at δ2.67, which is due to the hydrogen at the α-carbon near the sulfur atom. Instead, a peak at 
δ1.58 is attributed to the proton at the α-carbon near the Si atom. 
Self-assembled monolayers (SAMs) were prepared on either silicon wafers or on gold-
coated glass slides. On gold films, the thiol-initiator was mixed with thiol-OH, in order to control 
the initiator (polymer) density. On silicon wafers, the silane-initiator was mixed with silane-OEG 
at different molar ratios, in order to control the initiator and resulting polymer densities. Figure 2 
shows XPS measurements of the Br/S ratios for mixed thiol monolayers on gold, as a function of 
the mole percentage of initiator in the bulk thiol solution. The Br/S ratio varies linearly with the 
initiator-thiol mole percentage, and was used to estimate the initiator surface density (#/nm
2
). 
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The disulfide molecules were assumed to form close-packed monolayer on gold with a packing 
density of 5 thiols/nm
2
 
50
. To estimate the # initiators/nm
2
, the Br/S ratio was multiplied by the 
thiol packing density. The the polymer grafting-density  (polymer chains/nm2) was then 
estimated, assuming a 10% chain initiation efficiency 
51
. Because the Br peaks were below the 
detection limit at < 20 mole% thiol-initiator, the initiator surface density was determined by 
interpolating between the densities in monolayers assembled from 20 mole% and 0 mole% thiol-
initiator solutions.  
After taking into account the attenuation of the buried sulfur peak for disulfides on gold, 
the determined Br/S ratio was only ~0.4, even when assembled from a 100 mole% thiol-initiator 
solution. This suggests that more than half of the initiators lose Br during the assembly process. 
This postulated degradation is supported by t inability to synthesize polymer from monolayers 
that were exposed to air for more than one day. The silane-initiator densities on silicon wafers, as 
a function of the bulk silane-initiator/silane-OEG ratio, were reported previously 
30
. 
The dry polymer thickness was measured by ellipsometry. The molecular weight of the 
polymer was calculated based on the dry thickness h and grafting density , with the following 
equation: 
Mn = hNA/ 
We estimated the grafting density  (chains/nm2) on gold, using the initiator density 
determined by XPS and an assumed 10% polymerization efficiency 
51
. Here ρ is density of the 
dry NIPAM monomer (0.95 g/cm
3
) 
52
, h is the dry thickness measured by ellipsometry, and NA is 
Avogadro’s number.  
Measured thicknesses and other estimated parameters of the polymer films on silicon 
and on gold are summarized in Table 1. The grafting density  is inversely related to the area per 
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chain Σ (nm2/chain), or Γ =
1
𝛴
.  The dry thickness varied from 5~40nm, and the estimated 
molecular weight ranged from 30~130 kDa. For extremely low areas/chain (Σ = 480nm2/chain), 
the thickness was below the detection limit, and the standard deviation exceeded the measured 
thickness of 0.1 ± 0.2nm.  
 
Characterization of PNIPAM film thickness and morphology  
We previously reported the relationships between protein adsorption and the polymer grafting 
density, at an average polymer molecular weight of ~100kDa 
29
. Here, we imaged the films, in 
order to identify potential links between the grafting parameters, film morphology, and protein 
adsorption. 
Figure 3 shows the AFM images of PNIPAM films on silicon wafers in air and in water, 
compared with bare silicon. At 25˚C, air is a poor solvent and water is a good solvent for 
PNIPAM. In air, films of PNIPAM at 11 and 25 nm
2
/chain exhibited distinct domains. These 
were more apparent at the lower grafting density. At 4.8 nm
2
/chain, the PNIPAM brush was 
relatively featureless in air. In water, although there were some differences in the roughness, the 
polymer films were relatively featureless at all chain densities considered. The increased 
roughness at 11 nm
2
/chain in water could be due to the onset of lateral chain interactions 
53,54
 or 
to possible one-dimensional phase separation 
55
. 
Figure 4 shows the topography of PNIPAM films on gold. In air at 25°C, the topography 
of dilute chains (25 nm
2
/chain) was similar to bare gold. Because the gold roughness is 2~3nm, it 
was difficult to distinguish any polymer-specific features from the gold substrate. At the denser 
brushes of 9.1 and 4.6 nm
2
/chain, the PNIPAM films were relatively featureless in water and in 
air. In water at 25˚C, the films were also swollen at all grafting densities, just as PNIPAM films 
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on silicon wafers were.  
 
PNIPAM morphology and protein adsorption 
To investigate possible correlations between PNIPAM film morphology and protein adsorption, 
we imaged PNIPAM films (Table 2) similar to those used in a prior protein adsorption study 
30
. 
Figure 5 compares the AFM images of PNIPAM films on silicon with protein adsorption data 
30
, 
at 25˚C and at 35°C. At 25˚C, all of the PNIPAM brushes considered were swollen in water, and 
the topographies were relatively featureless (Fig. 5 a-d). However, above the LCST, the films 
exhibited protuberant domains (Fig. 5 e-h). These features may reflect the formation of ‘octopus 
micelles’, which are discussed below. 
We next compared the presence or absence of these domains with ellipsometry data. 
Figure 6 compares the topographies of PNIPAM brushes grafted from silicon at 11 nm
2
/chain 
and at molecular weights of 30kDa, 53kDa, and 85kDa. Ellipsometry measurements 
29
 did not 
detect changes in the water swollen thickness of 53kDa brushes at 11 nm
2
/chain, above the LCST, 
but high molecular weight polymer did collapse. We similarly found that any change in the 
thickness of the 30kDa and 53kDa brushes above the LCST were below the detection limit. 
However, the roughness of the 30kDa film was somewhat higher at 35°C, and there were clear 
domains on the 53kDa film. By contrast, the 85kDa chains collapsed above the LCST (Table 1), 
and the films were uniform at 35°C. Xue et al.
29
 also reported that the collapse behavior of 
PNIPAM at 11 nm
2
/chain, as detected by ellipsometry, did not affect BSA adsorption, within 
experimental error: namely, 50kDa and 85kDa brushes adsorbed similar amounts of BSA at 37°C. 
Taken together, these results suggest that protein adsorption is determined by the density of 
chains, rather than by the density of domains. 
  12 
Discussion 
Prior reports based on surface force measurements, neutron reflectivity, and ellipsometry 
suggested that dilute and/or low molecular weight end-grafted PNIPAM did not collapse above 
the LCST
29,31-33
.   This contrasts with models depicting cell and protein adsorption to collapsed, 
presumably hydrophobic, PNIPAM-coated surfaces at elevated temperatures 
56
. Here, 
comparisons between ellipsometry and AFM data reconcile these apparent differences.
 
Based on ellipsometry data, the 53kDa PNIPAM brush 11 nm
2
/chain did not appear to 
collapse above the LCST.  Here, AFM images of the same coating in water at 35°C revealed 
that the film forms protuberant domains and is not uniformly swollen (or collapsed). The 
apparent difference between the data is due to the limited ability of ellipsometry, which measures 
the area-averaged optical thickness of thin films, to detect changes in the lateral organization. 
These AFM images indicate that, although volume changes were not detected by ellipsometry, 
force measurements, or neutron reflectivity, there may be temperature-dependent structural 
changes in the films nevertheless.   
Previously reported, subtle differences in dilute and/or low molecular weight PNIPAM 
brushes above the LCST were consistent with changes in brush architecture. In force 
measurements, the brush extension and the compressibility of low molecular weight PNIPAM 
were similar below and above the LCST, but above the LCST the range of the hard wall 
repulsion between brushes was greater 
32,33
.  Neutron reflectivity revealed a dense layer near the 
surface and a more dilute outer layer 
31
. The latter features could be due to a one-dimensional 
phase separation 
55
 or to intraplanar aggregation 
43
. 
The domain structures are consistent with octopus-micelles, which were predicted to 
form when chains on the same surface in poor solvent stretch to form lateral clusters, in order to 
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minimize surface area (Fig. 7). Williams et al.
43
 described micelle formation in terms of the 
distance between grafting sites 𝑑 = 𝑏𝑁𝛼, where b is unit monomer length which was assumed 
as 3Å 
57
, N is the degree of polymerization, and  is the scaling exponent. This model predicts 
that, in poor solvent, octopus micelles would form when 0.25 < α < 0.6. At lower densities of α > 
0.6, globules of single polymer chains are hard to overlap. At higher densities where α ≤ 0.25, 
the grafted chains would form a uniformly collapsed phase. At α < 0.25, the density is similar to 
a polymer melt where octopus micelles begin to overlap. This regime favors a continuous, 
collapsed brush 
43
. The domains in the AFM images at large area per chain are consistent with 
octopus micelles. The uniformly collapsed phase at small area per chain is also as predicted. 
Using the measured initiator density on alkanethiols on gold, we compared the PNIPAM 
topographies on gold with theoretical predictions. At 9.1 nm
2
/chain and the molecular weight 
considered, α = 0.327 (Table 2), this condition favors micelle formation, but PNIPAM grafted 
from alkanethiols on gold exhibited a uniformly collapsed layer.  Even at 4.6 nm
2
/chain 
(α=0.30), the PNIPAM collapsed uniformly. The chains may form octopus micelles at lower 
densities, but any features were indistinguishable from the bare gold. This apparent deviation 
from theory might be due to model limitations or to inaccuracies in the estimated brush 
parameters (Table 2). The effect of surface roughness was also not considered by the theory.  
The domains observed with dilute brushes on silicon suggest micelle formation in air and 
in water at 35°C (Figs. 3 & 5). In some, but not all cases, ‘octopus micelles’ were observed at  
values predicted to favor micelle formation (see Table 2). Polymers synthesized on both gold and 
silicon under similar conditions should have similar molecular weights. The observed difference 
in the surface texture of PNIPAM on gold versus on silicon could be due to differences in the 
actual chain grafting densities, or to differences in the substrate roughness. 
  14 
Other groups also characterized the surface topography of PNIPAM coatings in water 
above the LCST.  Fukumori et al.
41
 reported the temperature-dependent topography of cross-
linked PNIPAM gels on glass coverslips. Although the gel architecture differs from end-grafted 
chains studied here, the surface texture of the gels changed significantly above the LCST. 
Although the theory only describes octopus micelle formation for end-grafted chains, the 
molecular structure at the gel surface may in fact comprise dangling chains, which could form 
micelles. Alternatively, Ishida et al.
42
 compared the topography of end-grafted PNIPAM on 
silicon, at three different grafting densities and temperatures from 26 to 40°C. They reported that 
the surface topography changed abruptly near the LCST, and all PNIPAM films exhibited blobs, 
rather than uniformly collapsed layers. In two of the three cases,  > 0.25, however micelle-like 
structures were observed even in dense films where  < 0.25. 
How might domain formation affect protein adsorption? In Figure 5, the BSA adsorption 
was maximum at featureless PNIPAM film and appears to decrease with micelle structure 
formation. However, at 11 nm
2
/chain, the same amount of BSA adsorbed to a uniformly 
collapsed 85kDa brush as to a 53kDa brush that formed dispersed domains.  The latter result 
suggests that the chain density rather than the prevalence of these domains may control protein 
adsorption. 
These results and the theory only considered PNIPAM brushes on flat surfaces, but 
PNIPAM is used to control the aggregation of nanoparticles
58 
and liposomes
59 
, as well as to 
control protein activity 
60
. Thermally induced PNIPAM changes in these different geometries 
likely differ from chains on flat surfaces. Further studies are needed to determine the influence of 
geometry on chain collapse, in such cases. 
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In summary, AFM imaging documented the formation of micelle-like structures on 
several, different PNIPAM coatings that did not exhibit volume changes in water above the 
LCST, when probed by ellipsometry. The putative octopus micelles were not always observed 
under conditions predicted by theory, but their occurrence agrees qualitatively with the model. 
These findings reveal more complex changes in PNIPAM above the LCST than the often-
depicted uniform chain collapse. These results also explain apparent differences between models 
of PNIPAM collapse in poor solvent and an apparent absence of thermally induced volume 
changes, based on area-averaged thickness measurements.  
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Figures 
 
 
 
Figure 1. a) 
1
H NMR spectrum and b) Mass spectrum of synthesized disulfide initiator 
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Figure 2. Br/S ratio determined for alkanethiol monolayers on gold as a function of the mole% 
of initiator in solution, measured with XPS.  
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Figure 3. Tapping mode AFM Images of PNIPAM films on Si at 25°C, in air (a~d) and in water 
(e~h). a) Bare SiO2 in air; and PNIPAM in air at b) 25 nm
2
/chain, c) 11 nm
2
/chain, and d) 4.8 
nm
2
/chain. e) Bare SiO2 in water; and PNIPAM in water at f) 25 nm
2
/chain, g) 11 nm
2
/chain, h) 
4.8 nm
2
/chain. The estimated PNIPAM molecular weight was ~100kDa. 
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Figure 4. Tapping mode AFM Images in air (a~d) and in water (e~h) of PNIPAM films on gold 
at 25˚C. a) Bare gold in air and PNIPAM at b) 25 nm2/chain, c) 9.1 nm2/chain, d) 4.6 nm2/chain. 
e) Bare gold in water and PNIPAM at f) 25 nm
2
/chain, g) 9.1 nm
2
/chain, and h) 4.6 nm
2
/chain. 
The estimated PNIPAM molecular weight was ~100kDa. 
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Figure 5. BSA adsorption on PNIPAM films on silicon at 37°C and the topography of PNIPAM 
films on silicon in water at 25˚C (a~d) and 35°C (e~h) at a) 480 nm2/chain, MW 24kDa; b) 95 
nm
2
/chain, MW 35kDa; c) 11 nm
2
/chain, MW 53kDa; d) 4.8nmÅ
2
/chain, MW 43kDa; e) 480 
nm
2
/chain, MW 24kDa; f) 95 nm
2
/chain, MW 35kDa; g) 11 nm
2
/chain, MW 53kDa; and h) 4.8 
nm
2
/chain, MW 43kDa. 
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Figure 6. Tapping mode AFM Images of PNIPAM on silicon wafers in water at 25˚C (a~c) and 
at 35°C (d~f). The area per PNIPAM chain was 11 nm
2
/chain, and the estimated molecular 
weights were a) 30kDa, b) 53kDa, c) 85kDa, d) 30kDa, e) 53kDa, and f) 85kDa. 
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Figure 7. Change of PNIPAM surface structure according to grafting distance. PNIPAM chains 
are swollen below LCST. Above LCST, it forms collapsed globules, octopus micelles and 
uniformly collapsed layer corresponding to its grafting distance σ, or area/chain Σ 43 
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Tables 
 
Table 1. Dry and swollen thickness of PNIPAM films. 
 
Substrate 
Area per chain 
Σ (nm2/chain) 
Estimated 
molecular 
weight 
(g/mol) 
Degree of 
polymerization, 
N 
Dry 
thickness 
(nm) 
Swollen 
thickness at 
25˚C 
(nm) 
Swollen 
thickness at 
35°C 
(nm) 
Si 
4.8 110,000 970 40.4 ± 0.8 nd nd 
4.8 43,000 380 15.7 ± 0.6 nd nd 
11 85,000 750 13.4 ± 0.8 51.6 ± 2.4 42.8 ± 3.3 
11 68,000 610 10.8 ± 1.1 nd nd 
11 53,000 470 8.3 ± 0.5 37.3 ± 3.2 37.1 ± 3.8 
11 30,000 270 4.8 ± 0.8 nd nd 
25 73,000 650 5.1 ± 0.2 nd nd 
95 35,000 310 0.6 ± 0.1 nd nd 
480 24,000 210 0.1 ± 0.2 nd nd 
Gold 
4.6 77,000 680 29.2 ± 0.8 nd nd 
9.1 134,000 1200 25.4 ± 2.6 nd nd 
25 104,000 920 7.7 ± 5.7 nd nd 
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Table 2. Surface parameters of PNIPAM films. 
 
 
Area per 
chain 
Σ 
(nm
2
/chain) 
Estimated 
molecular 
weight 
(g/mol) 
Degree of 
polymerization 
Estimated 
Distance 
between 
chains  
σ (nm) 
α 
Topography  
at 25˚C 
Topography  
at 35°C 
Si 
4.8 110,000 970 2.18 0.288 Uniform nd 
4.8 43,000 380 2.18 0.334 Uniform Micelle 
11 85,000 750 3.33 0.363 Uniform Uniform 
11 68,000 610 3.33 0.376 Uniform nd 
11 53,000 470 3.33 0.392 Uniform Micelle 
11 30,000 270 3.33 0.430 Uniform Uniform 
25 73,000 650 5.00 0.435 Uniform nd 
95 35,000 310 9.76 0.606 Uniform Uniform 
480 24,000 210 21.8 0.799 Uniform Uniform 
Gold 
4.6 77,000 680 2.13 0.301 Uniform nd 
9.1 134,000 1200 3.02 0.327 Uniform nd 
25 104,000 920 5.00 0.408 Uniform nd 
 
 
